Abstract
Introduction
The unique electron donating properties of multidentate N-donor ligands have been successfully exploited in the past few decades. This ligand class in enzyme mimics has a specific role, due to their capability of maintaining high-valent oxidation states of transition metal ions even at mild conditions with considerable stability [1, 2] . In the enzymatic cycle of iron dependent oxidoreductases, oxoiron(IV) [3] or oxoiron(V) [4] species were found to be responsible for catalytic activity. In order to investigate directly these short lived intermediates tridentate (e.g. BnBQA -N-benzyl-N,N-di(quinolin-2-ylmethyl) amine) [5] tetradentate (e.g. TPA -tris-(2-pyridylmethyl)amine) [6] , and pentadentate (e.g. N4Py -N,Nbis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) [7] ligands were synthesized. Complexes containing these ligands often participate in hydrogen atom transfer (HAT) and oxygen atom transfer (OAT) reactions that adequately mimic enzymatic processes [8] .
Recently, the synthesis of N,N-bis(2-pyridylmethyl)-1,2-di(2-pyridyl)-ethylamine
(asN4Py), a chiral derivative of the pentadentate N4Py was reported [9] . The introduction of an additional methylene group into the ligand architecture greatly increases the lifespan of the oxoiron(IV) species formed from the [Fe II (asN4Py)] 2+ precursor complex. However, its reactivity in thioanisole oxidation, for example, partially diminished. The enantiomeric excess (ee) of 87% was achieved by metal-based oxidation of 4-MeO-PhSMe [9] . With relevance to the given work, dioxygen activation during the oxidation of thioanisoles, alcohols, or even alkanes is also commonly catalysed by both copper(II) or copper(I) complexes [10, 11] .
In order to extend the number of chiral transition metal complexes suitable for mimicking HAT (2) . Both complexes were characterized by single crystal X-ray crystallography (SCXRD), electrospray ionization mass spectrometry (ESI-MS), cyclic voltammetry (CV), ultraviolet-visible (UV-vis), and infrared spectroscopy (IR). Furthermore, 18 O labelled dioxygen uptake experiments were carried out to confirm O 2 insertion into complex 2.
Complexes 1 and 2 were synthesized as part of our ongoing research in BaeyerVilliger oxidation (BVO) reaction of cyclohexanones in the presence of transition metal complexes, where cycloketones can be transformed to the corresponding lactone by an aldehyde/O 2 oxidant system via in situ generated percarboxylic acid [12] . To date the title complexes 1 and 2 were found to be inactive in BVO reaction; however, the oxidation of a coordinated aldehyde (2-pyridinecarboxaldehyde, in the given case) was observed.
Remarkably, complex 2 poses an ambiguous oxidation state assignment due to the simultaneous presence of mono-and trinuclear Cu complexes in the asymmetric unit and the presence of a non-coordinated perchlorate counter ion. The ambiguity in the electronic structure was addressed here by a detailed computational study that defined the most reasonable location and distribution of the copper 3d electron holes for the trinuclear complex. The employed computational approach has recently been successfully utilized for describing the ground state of a trinuclear Cu II complex with biomimetic catecholase function [13] . The level of theory was selected to be a hybrid density functional that gives experimentally sound ground-state description for Cu II /Cu I complexes [14] [15] [16] [17] . Validation for the given complexes was carried out using the electronically and structural well-defined complex 1 with a formally Cu II site. The structural changes among Cu I , Cu II , and Cu III formal oxidation states provided the basis for differentiating among various oxidation and spin state assignments for the mono-and trinuclear components of 2.
Results and discussion
Characterization of complex 1. [18] . This is compounded by the presence of an inner sphere coordinated anionic ligand in the latter. Due to these differences, the Cu-N py bonds shorten by 0.10 Å on average, while the axial Cu-N amine bond elongates by 0.04 Å in 1 versus its symmetric analogue ( Table 1 ) . Despite the asymmetry, the overall coordination geometry of 1 appears to be more balanced, as can be judged from the similar Cu-N distances and close to ideal N-Cu-N bond angles. This indicates the lack of significant strain caused by the insertion of a methylene group in asN4Py relative to N4Py ligand. The electrochemical properties of 1 were determined from cyclic voltammetric measurements in acetonitrile solution ( Figure 3 ). The Cu II/I couple was found to be chemically reversible at the potential of E 0 = +0.063 V, similar to that of [Cu II (N4Py)(NO 3 )](NO 3 ) (E 0 = -0.05 V). A similar qualitative difference (∆ E E 0 = 600 mV) in half-cell potentials was observed for the Fe(N4Py) and Fe(asN4Py) complexes containing the same types of ligands.
Copper(II) complexes often exhibit broad UV-vis bands with low intensity at longer wavelengths than the 600 nm region [19, 20] . [21] . The electrochemical properties of 2 were also determined from cyclic voltammetric measurements in acetonitrile solution ( Figure 3 ). Cu II/I couple was found to be chemically reversible at the potential of E 0 = +0.060 V. This value is very similar to that of 1, which may be explained by the dissociation of 2 in the presence of excess of (Bu 4 N)ClO 4 salt. In order to gain insights into the formation of 2, the oxidation and insertion of 2-pyridinecarboxaldehyde was followed by dioxygen uptake measurements using gas volumetry and 18 O labelling and concomitant ESI-MS and FTIR analysis. Figure 9 ). Splitting of the broad bands at 1090 cm -1 and 1022 cm -1 indicates the presence of inner and outer-sphere perchlorates [26] . From a detailed study on the IR spectra of pyridinium salts and ions, the 3434 cm -1 region was assigned to the NH vibrations that are found in 2 with protonated pyridyl arms. The C=C and C=N stretching modes show twin bands at 1607 and 1590 cm -1 [27] . (Table S1), while Table 2 contrasts the root mean square (RMS) deviations in bond lengths and atomic positional coordinates for the inner and outer coordination spheres as a function of oxidation state assignments. It is evident from the first columns of Table 2 that the Cu I oxidation state can be readily ruled out due to the close to 1 Å deviations in internal coordinates and more than 2 Å deviations in atomic positions. On the contrary, the optimized structures with Cu II or Cu III ion gave rather similar deviations from the SCXRD structure. One could argue that in the gas phase calculations without the presence of counter ions, the high spin Cu III complex ( Figure 10C The presence of the two negative counter ions in the crystal structure unambiguously renders the formal oxidation state assignment to Cu II . Thus, the preference of a Cu III , S=1
centre is an artefact due to the lack of a treatment of crystal packing/environmental effects.
When considering the presence of the electrostatic potential field from counter ions, the agreement for the Cu II complex greatly improves ( Figure 10B ) as a clear indication for the critical influence of outer sphere counter ions on achieving the most accurate representation of charged coordination compounds. From the condensed phase models in Table 2 , we observe a negligible difference between a low (MeCN) or high (H 2 O) dielectric environment.
Consideration of explicit outer-sphere triflate anions ( Table 2 , last columns) in gas phase or in a continuum model ( Figure 10B ), shows the anticipated improvements in coordination geometry due to a comprehensive capture of environmental effects. Although the overall structural differences in Table 2 are within a range that can be used to differentiate among various d-electron counts, it is notable that the employed level of theory could not reproduce the axial Cu-N bonds. The Cu II complex gives too long (2.24-2.27 Å, Figure 10B ) while the Cu III complex gives too short (2.02-2.04 Å, Figure 10C ) relative to the SCXRD structure (2.13-2.14 Å, Figure 10A ). In the experimentally correct charge state ( Figure 10B ), the triflate counter ions remain approximately at their crystallographic positions. Unexpectedly, the calculated Cu II coordination environment appears to be rotated relative to the experimental structure with respect of Cu-N distances. The single unoccupied
Cu 3d x 2 -y 2 orbital forms σ-interactions with the pyridine N centre in the calculated structure ( Figure 10B ) resulting in the shortest Cu-N distances of 2.04-2.09 Å. In the SCXRD structure of 1, the longest Cu-N distances correspond to the asymmetric pyridine arm and its trans counterpart, which indicate that they may be located perpendicularly to the 3d x 2 -y 2 orbital.
Attempts to obtain a rotated electronic structure with a rhombic coordination environment has failed, since all calculations converged to the stationary structure as shown in Figure 10B .
The rhombic distortion is likely due to additional crystal packing effects that we could not consider in the current modelling approach that was focused on molecules versus a periodic lattice cell. Figure 10C shows the emergence of a close to ideal octahedral coordination environment as expected from the complete elimination of Jahn- (Table S2) . Table 3 summarizes the root mean square deviations for selected bond lengths and atomic positional coordinates for the inner and outer coordination spheres. Figure 11B ) for the experimental structure ( Figure 11A ), while the agreement worsens for diamagnetic Cu III complex in comparison to gas phase results. which is indicative of a paramagnetic ground state with non-integer total spin (S t ). The mononuclear moiety in 2 has been shown to contain a Cu II centre with an unpaired electron (see above, Table 3 and Fig. 11) . Thus, the trinuclear moiety needs to have an integer total spin state (S t = 0, 1, …). When the entire asymmetric unit was considered, structural optimization using the default initial guess algorithm for molecular orbitals [28] Table 3 show that there is no mentionable deviation in the accuracy in going from the larger def2TZVP to a smaller SVP basis set with the exception of some angular differences that are captured in the inner sphere, atomic positional deviation values (last line in Table 3 , 0.02 vs. 0.08 Å, respectively). The latter basis set is needed for avoiding computationally prohibitive situation for the trinuclear complex using the large def2TZVP basis set.
Controlled electronic structure mapping of the trinuclear component of 2. In order to achieve a symmetric structure for the trinuclear moiety of 2 as required by the SCXRD structure, we need to control the location of the unpaired electrons or electron holes. Merging the initial electronic structure from well-defined ionic fragments allows for systematic and reproducible mapping of various formal oxidation state and spin coupling schemes. Table 4 summarizes the relative energies and Cu atomic spin densities for all considered electronic structures. In addition to those giving total charge of +5 for the three Cu centres, we also considered alternative oxidation state assignments, as computational control to assure that experimentally unacceptable charge and spin distributions will not result in reasonable electronic structure descriptions for the trinuclear component of 2. As an unexpected result from the controlled electronic structure calculations, we find a strong tendency for the Cu ions to adopt a formally Cu II electron configuration with S i =1/2. This is understandable, since the symmetrical electronic structure is facilitated by the symmetrical coordination environment. This is especially striking for the I+II+I assignment with a total charge of +2 and S t = 1/2, where the spins on the peripheral Cu sites are compensated by the appearance of negative spin densities on the pyridinium rings, which is a sign of excited state electronic structure as described above for the asymmetric unit.
The lowest energy structure relative to the normal hydrogen electrode potential (4.43 eV) [29] [30] [31] was localized for the all cupric state (II+II+II assignment) with total charge of +4 and S t = 1/2 spin state. This oxidation state assignment results in symmetric optimized structure and electron spin distribution, which would be desirable for the SCXRD structure. However, the all-cupric state cannot be the correct oxidation state assignment for the trinuclear complex in 2, since this would require a diamagnetic, cuprous state for the mononuclear moiety. The results in Table 3 and in Figure 11 clearly indicate that a Cu I oxidation state is not compatible with the hexacoordinate Cu environment for the mononuclear component of 2. The spin density distribution plots in Figure 13B shows the interactions of the central Cu 
Experimental Section
Materials. All syntheses were done in Ar atmosphere unless stated otherwise. Solvents used for the synthesis and reactions were purified by standard methods and stored under Ar. All chemicals for the synthesis were purchased from Sigma-Aldrich and used without further purification.
Instrumentation. The crystal evaluation and intensity data collection for 1 and 2 were performed on a Rigaku Oxford Diffraction SuperNova diffractometer using Cu Kα radiation radiation were analysed using triple quadruple Micromass Quattro spectrometer (Waters, Milford, MA, USA) that was operated in both positive and negative electrospray ionization mode. EPR spectra were recorded with a BRUKER EleXsys E500 spectrometer at room temperature (microwave frequency 9.81 GHz, microwave power 13 mW, modulation amplitude 5 G, modulation frequency 100 kHz). Powder samples were measured in quartz EPR tubes.
Compounds were dissolved in acetonitrile and isotropic EPR spectra were measured in capillary. Isotropic EPR spectra were simulated with the "EPR" program [33] . Table 6 . Selected bond distances (Å) and angles (°) for 1 and 2.
distances (in 1) angles (in 1)
Computational modelling. Three structural models were considered for systematically evaluating the Cu oxidation and spin state dependence of ground state electronic structures and optimized molecular geometries. The atomic positions and selected bond lengths considered during the geometric structural analysis are summarized in Figure 14 high spin (HS) or S=0 low spin (LS) (2e -oxidized centre) states. These Cu oxidation and spin states, and their various ferro-and antiferromagnetic spin coupling schemes give a range of combinations that we explored using broken-symmetry, density functional theory electronic structure calculations and structural optimizations. The selected level of theory was the spectroscopically calibrated B(38HF)P86 set of functionals with saturated basis set that has been shown to perform well for both ground and excited states of Cu complexes [14] and bioinorganic compounds [13] , metalloprotein [17] and metalloenzyme Cu sites [14, 16] . For all models (Figs.14A-C) except the asymmetric unit (Fig.14D) , the all electron def2TZVP [34, 35] triple-ζ quality basis set with polarization functions were utilized. Due to the size of the computational model (193 atoms and 1041 electrons), the asymmetric unit was treated using a smaller, but still acceptably saturated SVP [34, 35] basis set. Atomic spin density distributions were obtained from the Mulliken population analysis and spin density plots were created from cube files of spin density at 0.003 e -Å -3 contour levels in ChemCraft [36] . All initial and optimized structures are provided as supporting information (see pages 7-20).
While we did not carry out periodic boundary condition calculations for the entire unit cell;
we considered outer-sphere environmental effects in lieu of crystal packing forces, such as aqueous and acetonitrile solvent environments through COSMO [37, 39] polarizable continuum environment with dielectric constants of 80 and 36.7, respectively, and presence of explicit perchlorate, trifluoromethylsulfonate, and pyridinium counter ions.
Most structural optimizations were initiated from the crystal structure that we compare to the optimized structures; thus, we always added optimization steps after obtaining a stationary point by applying random displacements of all atoms in the [-0.2, 0.2] range. The shaking of stationary structures was repeated until no lower energy structure was found. All calculations were carried out using Gaussian09 Revision D01 suite of programs [40] . In addition to using the built in initial guess algorithm [28] , we have employed the ionic fragment approach [41] to reproducibly construct the initial electronic structure from welldefined ionic fragments such as Cu an average symmetric structure as manifested by the single crystal X-ray diffraction structure.
Conclusions

